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Model	  Informa.on	  
Wind	  tunnel	  tests	  were	  conducted	  at	  University	  
of	  Washington	  Aeronau.cal	  Laboratory	  during	  
the	  summer	  of	  2014.	  
	  
Bending	  and	  torsional	  s.ffnesses	  of	  the	  wing	  is	  
tailored	  to	  be	  representa.ve	  of	  modern,	  
composite-‐wing	  aircra<s.	  	  
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U∞=19 m/s (M∞=0.055, Re∞=1.28×106 per m) 

Simulation conditions:  
Air at T∞=26° C, P∞=101,325 Pa 

symmetry 

b/2 = 1.87 m (half-span) 
s = 0.895 m2 (reference area) 
c : s/b = 0.487 m (mean aerodynamic chord)  

Model	  Informa.on	  



6	  

symmetry 

b/2 = 1.87 m (half-span) 
s = 0.895 m2 (reference area) 
c : s/b = 0.487 m (mean aerodynamic chord)  

VCCTEF (Variable Camber Continuous Trailing Edge Flap) 

inboard flap 

Model	  Informa.on	  

Simulation conditions:  
Air at T∞=26° C, P∞=101,325 Pa 
U∞=19 m/s (M∞=0.055, Re∞=1.28×106 per m) 
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symmetry 

b/2 = 1.87 m (half-span) 
s = 0.895 m2 (reference area) 
c : s/b = 0.487 m (mean aerodynamic chord)  

VCCTEF (Variable Camber Continuous Trailing Edge Flap) 

inboard flap 

slats braces 

Model	  Informa.on	  

Simulation conditions:  
Air at T∞=26° C, P∞=101,325 Pa 
U∞=19 m/s (M∞=0.055, Re∞=1.28×106 per m) 
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Grid	  System	  

A	  structured,	  body-‐fiCed	  overset	  grid	  system	  
generated	  using	  CGT	  (Chimera	  Grid	  Tools)	  [1].	  

[1]	  Chan,	  W.	  et	  al.	  2002	  Best	  Prac,ces	  in	  Overset	  Grid	  Genera,on	  	  
	  	  	  	  	  	  32nd	  AIAA	  Fluid	  Dynamics	  Conference	  and	  Exhibit,	  AIAA	  2002-‐3191	  
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Grid	  System	  
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Grid	  System	  
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Grid	  System	  
75	  million	  ver.ces	  
4	  off-‐body	  grid	  zones	  	  
that	  extend	  30	  body	  lengths	  all	  
around.	  
144	  near-‐body	  grid	  zones	  with	  
y+=	  0.2	  to	  0.3	  on	  most	  surfaces	  
	  
Overset	  connec.vity	  is	  
performed	  by	  DCF	  rou.ne	  in	  
Overflow	  2.2g	  [2]	  using	  a	  donor	  
quality	  factor	  of	  0.5.	  

[2]	  Nichols,	  R.	  H.	  and	  Buning,	  P.	  G.	  2010	  Users	  Manual	  for	  OVERFLOW	  2.2	  NASA	  Technical	  Report	  
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Sta.c	  Aeroelas.c	  Analysis:	  Prior	  work	  with	  an	  inviscid	  solver	  	  
Rodriguez	  et	  al.	  [2]	  developed	  a	  sta.c	  aeroelas.c	  analysis	  framework	  by	  integra.ng	  an	  
inviscid	  Euler	  flow	  solver	  (Cart3D),	  a	  structural	  analysis	  code	  (BEAM)	  and	  a	  geometry	  
morphing	  tool	  (Blender):	  	  	  	  

[2]	  Rodriguez,	  D.	  L.	  et	  al.	  2014	  Sta,c	  Aeroelas,c	  Analysis	  with	  an	  Inviscid	  Cartesian	  Method	  
	  	  	  	  	  	  55th	  Structures,	  Structural	  Dynamics	  and	  Materials	  Conference	  
	  
[3]	  A<osmis	  et	  al.	  2000	  A	  Parallel	  Mul,level	  Method	  for	  Adap,vely	  Refined	  Cartesian	  Grids	  with	  	  
	  	  	  	  	  	  Embedded	  Boundaries	  AIAA	  2000-‐0808	  	  

Aerodynamic 
Analysis Load Transfer Structural 

Analysis Deform Geometry

Deformed GeometryConverged?

Stop

Yes

No

Baseline Geometry

Aeroelastic
Iteration

Deformer

Courtesy	  of	  Rodriguez,	  D.	  L.	  
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Flow	  field	  is	  solved	  by	  Cart3D	  [3],	  a	  cartesian	  cut-‐cell	  finite	  volume	  code	  that	  solves	  Euler	  
equa.ons	  with	  adjoint-‐based	  adap.ve	  mesh	  refinement.	  

[3]	  A<osmis	  et	  al.	  2000	  A	  Parallel	  Mul,level	  Method	  for	  Adap,vely	  Refined	  Cartesian	  Grids	  with	  	  
	  	  	  	  	  	  Embedded	  Boundaries	  AIAA	  2000-‐0808	  	  

Courtesy	  of	  Rodriguez,	  D.	  L.	  

Sta.c	  Aeroelas.c	  Analysis:	  Prior	  work	  with	  an	  inviscid	  solver	  	  
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Structural	  analysis	  is	  done	  by	  BEAM,	  a	  beam-‐element	  code	  that	  can	  model	  bending	  as	  well	  as	  
torsion:	  	  	  	  

[2]	  Rodriguez,	  D.	  L.	  et	  al.	  2014	  Sta,c	  Aeroelas,c	  Analysis	  with	  an	  Inviscid	  Cartesian	  Method	  
	  	  	  	  	  	  55th	  Structures,	  Structural	  Dynamics	  and	  Materials	  Conference	  

Courtesy	  of	  Rodriguez,	  D.	  L.	  

Sta.c	  Aeroelas.c	  Analysis:	  Prior	  work	  with	  an	  inviscid	  solver	  	  

Bending	  s.ffness	  (EI)	  and	  torsional	  s.ffness	  (GJ)	  distribu.ons	  	  are	  preset	  according	  to	  the	  experimental	  
model.	  	  
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Geometry	  deforma.on	  is	  done	  by	  Blender,	  an	  open-‐source	  geometry	  modeling	  and	  
anima.on	  tool.	  It	  has	  a	  Python-‐based	  API	  and	  lakce	  deformer	  capability.	  	  

Sta.c	  Aeroelas.c	  Analysis:	  Prior	  work	  with	  an	  inviscid	  solver	  	  

Courtesy	  of	  Rodriguez,	  D.	  L.	  
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Viscous	  flow	  analysis	  is	  done	  by	  Overflow	  [3],	  an	  implicit,	  Reynolds-‐
Averaged	  Navier-‐Stokes	  (RANS)	  solver	  developed	  by	  NASA	  for	  
structured	  overset	  grids.	  	  

•  Steady-‐state	  with	  constant	  CFL	  number	  
•  Double	  fringe	  points	  
•  Right-‐hand	  side:	  Roe’s	  upwind	  scheme	  
•  Le<	  hand	  side:	  SSOR	  (Symmetric	  Successive	  Over-‐Relaxa.on)	  
•  Low-‐Mach	  precondi.oning	  enabled	  
•  Turbulence	  model:	  Spalart-‐Allmaras	  (SA)	  model	  
•  When	  sekng	  up	  the	  input	  parameters,	  robustness	  was	  a	  priority	  

over	  high	  accuracy.	  
	  

Viscous	  Flow	  Analysis	  

[3]	  Nichols,	  R.	  H.	  and	  Buning,	  P.	  G.	  2010	  Users	  Manual	  for	  OVERFLOW	  2.2	  NASA	  Technical	  Report	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  
-‐  Generate	  a	  surface	  triangula.on	  from	  CAD	  	  
-‐  Generate	  a	  structured	  overset	  grid	  	  from	  that	  triangula.on	  
-‐  Generate	  a	  surface	  triangula.on	  by	  splikng	  the	  structured	  
surface	  grid	  cells	  in	  triangles	  

-‐  Generate	  structured	  volume	  grids	  from	  structured	  surface	  
grids,	  perform	  overset	  connec.vity	  

For	  each	  angle	  of	  aCack:	  
-‐  Run	  S-‐S	  Overflow	  [3]	  simula.ons	  using	  the	  structured	  grid	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  analysis	  [2]	  
Around	  each	  angle	  of	  aCack:	  
-‐  Run	  S-‐S	  Cart3D	  on	  surface	  triangula.on	  while	  
targe.ng	  a	  suitable	  CL	  	  	  [3]	  

-‐  Using	  a	  beam	  element	  code	  deform	  (bend	  and	  twist)	  
the	  wing	  of	  the	  CAD	  triangula.on	  accordingly	  

-‐  Iterate	  un.l	  converging	  to	  a	  final	  .p	  deflec.on	  
-‐  Apply	  the	  same	  deforma.on	  on	  the	  structured	  grid	  
triangula.on	  and	  hole-‐cuCer	  triangula.ons	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  
For	  each	  deformed	  geometry	  in	  Step	  2:	  
-‐  Apply	  the	  nodal	  movements	  of	  the	  structured	  surface	  
grid	  triangula.on	  back	  onto	  the	  structured	  surface	  grid	  
itself	  

-‐  Regenerate	  volume	  grids	  based	  on	  the	  deformed	  
surface	  grids,	  perform	  overset	  connec.vity	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	   Step	  3:	  Generate	  the	  deformed	  structured	  grid	  
For	  each	  deformed	  geometry	  in	  Step	  2:	  
-‐  Apply	  the	  nodal	  movements	  of	  the	  structured	  surface	  
grid	  triangula.on	  back	  onto	  the	  structured	  surface	  grid	  
itself	  

-‐  Regenerate	  volume	  grids	  based	  on	  the	  deformed	  
surface	  grids,	  perform	  overset	  connec.vity	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  
For	  each	  CL	  targeted	  in	  Step	  2:	  
-‐  Run	  S-‐S	  Overflow	  simula.ons	  targe.ng	  that	  CL	  while	  
allowing	  angle	  of	  aCack	  to	  change.	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  

Step	  5:	  Run	  addi1onal	  Overflow	  simula1ons	  for	  a	  
proper	  comparison	  
For	  each	  angle	  of	  aCack	  found	  to	  in	  Step	  4:	  
-‐  Run	  S-‐S	  Overflow	  using	  the	  non-‐deformed	  geometry.	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Cart3D	  simula1ons:	  32	  million	  cells	  in	  adapted	  grid.	  Converging	  for	  each	  angle	  of	  aCack	  required	  around	  4	  
steady-‐state	  solu1ons	  that	  took	  about	  6	  hours	  on	  256	  Sandy	  Bridge	  cores,	  each.	  Time	  spent	  for	  beam	  elements	  
analysis	  and	  deforma.on	  is	  negligible.	  

Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Step	  5:	  Run	  addi1onal	  Overflow	  simula1ons	  for	  a	  
proper	  comparison	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  

Step	  5:	  Run	  addi1onal	  Overflow	  simula1ons	  for	  a	  
proper	  comparison	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  

	  
	  
	  
	  
	  
Overflow	  2.2g	  simula1ons:	  Each	  simula.on	  was	  ran	  in	  parallel	  on	  Pleiades	  Supercomputer	  at	  NASA	  Ames	  using	  
480	  Sandy	  Bridge	  cores	  and	  converged	  within	  50	  to	  100	  thousand	  flow	  itera1ons	  (20	  to	  40	  hours	  of	  wall	  .me)	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	   Step	  3:	  Generate	  the	  deformed	  structured	  grid	  
~	  a	  few	  minutes	  on	  a	  work	  sta1on	  per	  case	  

Step	  5:	  Run	  addi1onal	  Overflow	  simula1ons	  for	  a	  
proper	  comparison	  
20	  to	  40	  hours	  on	  480	  CPU	  cores	  per	  case	  
	  
	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  
Per	  each	  case	  
20	  to	  40	  hours	  on	  480	  CPU	  cores	  per	  case	  
(>8	  1mes	  more	  expensive	  than	  Cart3D)	  
	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  
~6	  hours	  on	  256	  CPU	  cores	  per	  iter.	  (~4),	  per	  case	  (~10)	  
	  	  No	  labor	  for	  grid	  genera1on.	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Step	  1:	  Generate	  non-‐deformed	  grids	  
More	  than	  1	  person-‐month	  of	  labor	  for	  CAD	  
prepara1on	  and	  grid	  genera1on!	  	  

Step	  3:	  Generate	  the	  deformed	  structured	  grid	  
~	  a	  few	  minutes	  on	  a	  work	  sta1on	  per	  case	  

Step	  2:	  Run	  inviscid	  aeroelas1c	  framework	  
~6	  hours	  on	  256	  CPU	  cores	  per	  iter.	  (~4),	  per	  case	  (~10)	  
	  	  No	  labor	  for	  grid	  genera1on.	  

Step	  5:	  Run	  addi1onal	  Overflow	  simula1ons	  for	  a	  
proper	  comparison	  
20	  to	  40	  hours	  on	  480	  CPU	  cores	  per	  case	  
	  

Step	  4:	  Find	  viscous	  loads	  on	  deformed	  geometries	  
Per	  each	  case	  
20	  to	  40	  hours	  on	  480	  CPU	  cores	  per	  case	  
(>8	  1mes	  more	  expensive	  than	  Cart3D)	  
	  

Sta.c	  Aeroelas.c	  Analysis:	  Viscous	  Solver	  Integra.on	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 

Angle of attack (α), deg. 
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Results	  
Varia.on	  of	  total	  li<	  and	  drag	  with	  angle	  of	  aCack:	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 

Angle of attack (α), deg. 
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Results	  

Observa1ons:	  
-‐ Deforma1on	  brings	  the	  lig	  predic1on	  closer	  to	  the	  experimental	  results.	  

Varia.on	  of	  total	  li<	  and	  drag	  with	  angle	  of	  aCack:	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 

Angle of attack (α), deg. 
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Results	  

Observa1ons:	  
-‐ Deforma.on	  brings	  the	  li<	  predic.on	  closer	  to	  the	  experimental	  results.	  
-‐ Drag	  predic1on	  with	  the	  deformed	  geometry	  is	  reasonably	  good,	  especially	  when	  α>16°.	  

Varia.on	  of	  total	  li<	  and	  drag	  with	  angle	  of	  aCack:	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
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Observa1ons:	  
-‐ Deforma.on	  brings	  the	  li<	  predic.on	  closer	  to	  the	  experimental	  results.	  
-‐ Drag	  predic.on	  with	  the	  deformed	  geometry	  is	  reasonably	  good,	  especially	  when	  α>16°.	  
-‐ Deformed	  geometry	  has	  a	  less	  	  	  	  total	  lig	  than	  non-‐deformed	  one	  when	  α<16°.	  	  
-‐ Deformed	  geometry	  has	  a	  more	  total	  lig	  than	  non-‐deformed	  one	  when	  α>16°.	  

Varia.on	  of	  total	  li<	  and	  drag	  with	  angle	  of	  aCack:	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
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Results	  

Observa1ons:	  
-‐ Deforma.on	  brings	  the	  li<	  predic.on	  closer	  to	  the	  experimental	  results.	  
-‐ Drag	  predic.on	  with	  the	  deformed	  geometry	  is	  reasonably	  good,	  especially	  when	  α>16°.	  
-‐ Deformed	  geometry	  has	  a	  less	  	  	  	  total	  li<	  than	  non-‐deformed	  one	  when	  α<16°.	  	  
-‐ Deformed	  geometry	  has	  a	  more	  total	  li<	  than	  non-‐deformed	  one	  when	  α>16°.	  
Pick	  α=8.0°	  and	  α=20.6°	  for	  further	  analysis.	  

Varia.on	  of	  total	  li<	  and	  drag	  with	  angle	  of	  aCack:	  

α=8.0° 

α=20.6° 
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α =8.0° 

Pressure Coefficient (Cp) 

Deformed wing
  

Views from top↓      Views from bottom↓
  

Detailed	  Analysis	  
Varia.on	  of	  surface	  pressure	  coefficients	  and	  streamlines	  at	  α=8.0°	  

Non-deformed wing   

0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 
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α =8.0° 

ΔCp=Cp(def.)-Cp(non-def.) 

Pressure Coefficient (Cp) 

Deformed wing
  

Views from top↓      Views from bottom↓
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Differences   

Detailed	  Analysis	  
Varia.on	  of	  surface	  pressure	  coefficients	  and	  streamlines	  at	  α=8.0°	  

Non-deformed wing   

0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 
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α =8.0° 

ΔCp=Cp(def.)-Cp(non-def.) 

Pressure Coefficient (Cp) 

Deformed wing
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<<

Differences   

-‐ Separa.on	  is	  small	  and	  wing	  deforma.on	  does	  not	  seem	  to	  increase	  it.	  
-‐ Deforma.on	  decreases	  suc.on	  on	  top	  and	  pressure	  on	  boCom	  surfaces.	  
-‐ Differences	  in	  Cp	  due	  to	  deforma.on	  on	  both	  surfaces	  are	  mild,	  and	  they	  seem	  to	  be	  
changing	  gradually	  along	  the	  leading	  edge.	  
-‐ Separa.on	  does	  not	  play	  a	  major	  role	  in	  li<	  decrease.	  	  

Non-deformed wing   

Separated 

Separated 

Views from top↓      Views from bottom↓
  0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Varia.on	  of	  surface	  pressure	  coefficients	  and	  streamlines	  at	  α=8.0°	  
Detailed	  Analysis	  
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Deformed wing
  

Cp 

ΔCp 

α =20.6° 

Differences   

Non-deformed wing   

Views from top↓      Views from bottom↓
  0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Varia.on	  of	  surface	  pressure	  coefficients	  and	  streamlines	  at	  α=20.6°	  
Detailed	  Analysis	  
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<<

Deformed wing
  

Cp 

ΔCp 

α =20.6° 

-‐ On	  deformed	  wing,	  separa.on	  is	  large	  -‐	  covers	  a	  large	  outboard	  area	  beyond	  y	  =	  1.1m	  
-‐ On	  non-‐deformed	  wing,	  separa.on	  is	  even	  larger	  (covers	  most	  of	  the	  area	  beyond	  y=0.7m)	  
-‐ Separa.on	  paCerns	  seem	  to	  stem	  from	  the	  braces	  that	  connect	  slat	  to	  the	  main	  element.	  	  	  
-‐ Differences	  in	  Cp	  is	  rela.vely	  large;	  and	  they	  have	  an	  alterna.ng	  paCern	  reminiscent	  of	  the	  
separa.on	  paCerns.	  

Differences   

Non-deformed wing   

Separated 

Separated 

Views from top↓      Views from bottom↓
  0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Varia.on	  of	  surface	  pressure	  coefficients	  and	  streamlines	  at	  α=20.6°	  
Detailed	  Analysis	  
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Detailed	  Analysis	  
Sec.onal	  varia.ons:	  	  
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α= -9.1° 
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α = 8.0°  

α = 20.6°  

y=0.34 m 0.77 m 1.815 m1.305 m

Chordwise positions (x) , m
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α = 8.0°  

α = 20.6°  
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α(y,def.) = α(y,non-def.) – δ(y) 
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δ(y) = 0.38° 1.0° 1.9° 2.2°

δ(y) = 0.53° 1.5° 2.9° 3.4°
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From rear 

Induced	  washout:	  Pitch-‐down	  twist	  of	  
swept-‐back	  wings	  under	  li<	  forces.	  
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Induced	  washout:	  Pitch-‐down	  twist	  of	  
swept-‐back	  wings	  under	  li<	  forces.	  
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Induced	  washout:	  Pitch-‐down	  twist	  of	  
swept-‐back	  wings	  under	  li<	  forces.	  
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Induced	  washout	  correc.on	  
The	  li<	  coefficients	  obtained	  from	  Overflow	  simula.ons	  with	  non-‐deformed	  wings	  can	  be	  
corrected	  for	  local	  changes	  in	  angle	  of	  aCack	  due	  to	  induced	  washout:	  

Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 

Angle of attack (α), deg. 
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Induced	  washout	  correc.on	  
The	  li<	  coefficients	  obtained	  from	  Overflow	  simula.ons	  with	  non-‐deformed	  wings	  can	  be	  
corrected	  for	  local	  changes	  in	  angle	  of	  aCack	  due	  to	  induced	  washout	  [5]:	  
	  

CL,	  non-‐def.	  vs	  α	  curve	  for	  the	  en.re	  geometry	  with	  the	  non-‐deformed	  wing	  is	  available.	  
	  
-‐  Extract	  Cl,	  non-‐def.	  vs	  α	  curve	  for	  mul.ple	  sec.ons	  s	  of	  the	  non-‐deformed	  wing	  
-‐  Calculate	  the	  amount	  of	  induced	  washout	  (δs)	  for	  each	  sec.on	  using	  beam	  elements	  
method.	  (Local	  angle	  of	  aCack	  αs	  for	  each	  sec.on	  now	  is	  as	  αs=α-δs)	  

-‐  Using	  the	  Cl,	  non-‐def.	  vs	  α	  slopes	  of	  the	  each	  sec.on,	  predict	  the	  sec.onal	  li<	  coefficients	  
of	  the	  deformed	  wing	  as	  

	  
	   	   	   	   	  Cl,	  def.	  =	  Cl,	  non-‐def.+	  δsdCl,non-‐def./dα	  	  

-‐  Integrate	  the	  sec.onal	  loads	  Cl,	  def.	  and	  add	  fuselage	  contribu.on	  to	  find	  CL,	  def.,	  the	  li<	  
coefficient	  of	  the	  en.re	  vehicle	  with	  deformed	  wing.	  

	  
	  
(No	  need	  to	  run	  Overflow	  again,	  just	  alter	  Overflow’s	  li<	  predic.on	  for	  non-‐deformed	  wings)	  

[5]	  Nguyen	  N.	  et	  al.	  2014	  Experimental	  Inves,ga,on	  of	  a	  Flexible	  Wing	  with	  a	  	  Variable	  Camber	  Con,nuous	  
	  	  	  	  	  	  Trailing	  Edge	  Design	  32nd	  AIAA	  Applied	  Aerodynamic	  Design	  Conference	  at	  Avia.on	  Forum	  2014	  	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 

Angle of attack (α), deg. 
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Results,	  revisited	  
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Results,	  revisited	  

The	  correc.on	  works	  very	  well	  up	  to	  α=12°,	  will	  probably	  work	  un.l	  α=16°	  but	  fail	  a<erwards	  
due	  to	  pervasive	  separa.on.	  	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
Overflow (non-deformed) with  
induced washout correction 
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Non-deformed 

Deformed 

α =8.0° 

Non-deformed 

0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Pressure Coefficient 

Deformed 

α =20.6° 

Views from top↓      Views from bottom↓   

Summary	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
Overflow (non-deformed) with  
induced washout correction 

-‐  Induced	  washout	  reduces	  li<	  at	  low	  angles	  of	  
aCack	  simply	  by	  lowering	  angle	  of	  aCack	  further,	  
but	  increases	  the	  li<	  at	  higher	  angles	  by	  allevia.ng	  
stall.	  
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Non-deformed 

Deformed 

α =8.0° 

Non-deformed 

0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Pressure Coefficient 

Deformed 

α =20.6° 

Views from top↓      Views from bottom↓   

Summary	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
Overflow (non-deformed) with  
induced washout correction 

-‐  Induced	  washout	  reduces	  li<	  at	  low	  angles	  of	  
aCack	  simply	  by	  lowering	  angle	  of	  aCack	  further,	  
but	  increases	  the	  li<	  at	  higher	  angles	  by	  allevia.ng	  
stall.	  

-‐ While	  the	  cost	  of	  li<	  predic.ons	  can	  be	  lowered	  by	  
correc.ons	  at	  low	  angles,	  viscous	  flow	  simula.ons	  
on	  deformed	  wings	  are	  necessary	  at	  high	  angles.	  
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Non-deformed 

Deformed 

α =8.0° 

Non-deformed 

0.3 0.6 0.9 1.2 1.5 1.8m 0.3 0.6 0.9 1.2 1.5 1.8 

Pressure Coefficient 

Deformed 

α =20.6° 

Views from top↓      Views from bottom↓   

-‐  Induced	  washout	  reduces	  li<	  at	  low	  angles	  of	  
aCack	  simply	  by	  lowering	  angle	  of	  aCack	  further,	  
but	  increases	  the	  li<	  at	  higher	  angles	  by	  allevia.ng	  
stall.	  

-‐ While	  the	  cost	  of	  li<	  predic.ons	  can	  be	  lowered	  by	  
correc.ons	  at	  low	  angles,	  viscous	  flow	  simula.ons	  
on	  deformed	  wings	  are	  necessary	  at	  high	  angles.	  

-‐  In	  this	  work,	  we	  successfully	  predicted	  li<	  of	  a	  
flexible	  wing	  at	  high-‐li<	  condi.ons	  by	  using	  both	  
inviscid	  and	  viscous	  flow	  simula.on	  tools	  in	  a	  cost-‐
effec.ve	  framework.	  

Summary	  
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Exp.: UWALrun44 
Sim.: Overflow (non-deformed) 
Sim.: Overflow (deformed) 
Overflow (non-deformed) with  
induced washout correction 
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Model	  Informa.on	  
Wind	  tunnel	  tests	  were	  conducted	  at	  University	  
of	  Washington	  Aeronau.cal	  Laboratory	  during	  
the	  summer	  of	  2014.	  
	  
The	  model	  has	  a	  set	  of	  slats,	  an	  inboard	  flap	  and	  
a	  VCCTEF	  (Variable	  Camber	  Con.nuous	  Trailing	  
Edge	  Flap),	  all	  deployed	  for	  a	  high-‐li<	  
configura.on.	  
	  
Bending	  and	  torsional	  s.ffness	  of	  the	  wing	  is	  
tailored	  to	  be	  representa.ve	  of	  modern,	  
composite-‐wing	  aircra<s.	  	  

Test conditions:  
q∞≈282 Pa  
(U∞≈21.5 m/s, M∞≈0.062 
in air at 101,325 Pa at T∞=26° C)  
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168 mm (sim.) 172 mm (exp.) (-2.3% diff.) 

CL=1.91 
CL=2.05 (+7.3%) (deformed) 
CL=1.49 
CL=1.42 (-4.7%) (deformed) 
CL=0.093 
CL=0.084 (-9.7%) (deformed) 

α= 20.6° 

α= 8.0° 

α= -9.1° 

110 mm (sim.) 101 mm (exp.) (+8.9% diff.)       
    0 mm (no tip deflection) 

Detailed	  Analysis	  
Sec.onal	  varia.ons:	  	  
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Sec.onal	  varia.ons:	  	  

Rota.on	  of	  li<	  resultant	  force	  due	  to	  induced	  dihedral	  angle	  	  
decreases	  li<	  by	  1%	  or	  less,	  which	  is	  minor,	  and	  it	  cannot	  increase	  li<.	  
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